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A miniaturized biconvex quartz-crystal microbalance (QCM) with large-radius spherical thickness
distribution was fabricated by reactive ion etching (RIE) and photoresist reflow with solvent vapor
technology. A conventional polishing method could not manufacture the miniaturized, spherically
convex shape, which is necessary to suppress a spurious mode and obtain a high Q factor. Not only
can the large-radius spherical convex shape be achieved by this technology, but also miniaturization
and batch fabrication. The Q factor of the fabricated QCM (80 000) is two times higher than that of
the planar QCM, and the spurious mode around the fundamental vibration mode is suppressed very
well. It also has superior resonant characteristic under the viscoelastic liquid. © 2004 American
Institute of Physics. [DOI: 10.1063/1.1796535]
The AT-cut quartz-crystal microbalance (QCM) vibrating
in thickness shear mode (TSM) is well known as mass sen-
sitive devices, which was described by Sauerbrey in 1959.1
In recent years, after depositing a sensitive layer on one or
both surfaces of the resonators, they are suitable for the ap-
plication as chemical sensors for analyses in gaseous2 and
liquid media,3 biosensors for immunosensing,4,5 and so on.
In almost all QCM fabrications, miniaturization, high
sensitivity, high Q factor, and the reduction of unwanted spu-
rious responses are of paramount importance.6 Therefore, the
miniaturized multichannel QCM with high sensitivity, and
the miniaturized beveled biconvex QCM by photoresist ther-
mal melting with high Q factor, have been studied by our
group.7–9 When small-diameter electrodes have been depos-
ited on the surface of a flat crystal, mode coupling10 occurs
between the fundamental TSM and the other vibration mode.
By means of these coupling with unwanted modes, energy is
taken from the usable frequency vibration and results in a
low Q factor. The spherical convex-shaped resonator can
separate the vibrating mode or lessen the strength of this
coupling theoretically, therefore the energy of the oscillation
is trapped at the center and very little dissipation occurs at
the edge. In fact, the idea of making a convex- or contour-
shaped quartz resonator was demonstrated before 1950. For
example, the 30-mm-diam, 2.5 MHz, planoconvex quartz-
crystal unit was fabricated by Warner in 195211 with a con-
ventional polishing method. But this method has some prob-
lems, such as difficulty in miniaturization and bulk
fabrication, and surface damage on the polishing side. There-
fore, the miniaturized beveled biconvex QCM by photoresist
thermal melting has been thought in our previous studies.9
But this method was unable to fabricate the spherical convex
shape. Though it is effective to reduce innumerable spurious
modes, the unwanted spurious responses still exist, because
the curved range of beveled convex shape by the photoresist
thermal melting is up to several dozens of micrometers in the
4-µm thickness photoresist. The photoresist reflow with sol-
vent vapor overcomes the limitation of the photoresist ther-
mal melting method. The improvement in the resonant char-
acteristic was realized by making the thickness distribution
around the electrode region as a spherical convex shape.
In this letter, a miniaturized biconvex QCM with large-
radius spherical thickness distribution fabricated by RIE and
photoresist reflow with solvent vapor is reported. The optical
photograph of the fabricated biconvex QCM is shown in Fig.
1. The parameter of the convex shape is as follows: the ra-
dius is 0.13 m, the diameter is 2 mm, the height at the central
point is 4 µm, and the diameter of electrode is 1 mm. More-
over, the diameter of the electrode is limited by the thickness
of the crystal, because the small-diameter electrode QCM
does not resonate (or resonates with a very low Q factor) if
the diameter of the electrode to thickness of the crystal ratio
is below 5. The Q factor of the spherical biconvex QCM
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FIG. 1. The optical photograph of the miniaturized biconvex QCM with
ideal large-radius hemispherical thickness distribution.
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increases slightly with the diameter of the electrode to the
thickness of the crystal ratio being over 10, which is used in
this research.
A fabrication process of the miniaturized spherical bi-
convex QCM is shown in Fig. 2. First, the higher thermal
durability photoresist, AZP-4400 or AZP-4620 (Clariant),
was spin-coated and patterned to be 2-mm-diam cylinders on
100-µm thickness of AT-cut quartz-crystal plate. Next, hex-
amethyldisilazane (HMDS) was coated for decreasing the
surface tension of the crystal outside of the pattern. After
that, by means of photoresist reflow with solvent vapor, the
photoresist cylinders gradually became rounded and formed
a spherical thickness distribution due to surface tension and
gravity. In the process, the surface modification of quartz
crystal by HMDS film is important to avoid overflowing of
the reflowed photoresist from the patterned area. A simple set
of apparatus was assembled to control the condensation of
solvent vapor into the photoresist. Here, propyleneglycol
monomethyl ether acetate (PGMEA) vapor was used as the
photoresist solvent vapor. In this set, the different tempera-
ture between the solvent chamber and wafer chamber is the
other important feature. The diameter of the spherical convex
shape ranging from 100 µm to 2 mm in size was realized and
it had sufficient reproducibility. With the different thick-
nesses of the photoresist cylinders, the different radius of
curvature of the convex shape can be formed. Then, the pho-
toresist was heated at a temperature of 150 °C and cured by
UV light, and RIE was used to transfer the pattern into the
quartz-crystal substrate using the mixture gas of SF6 and
Xe12 until the required etching depth was obtained. The
curved range can also be controlled by etching time. After
deposition of the Au/Cr layer, the electrode was patterned by
photolithography. Finally, the convex shape and electrode
were made on the other side.
Figure 3 shows the profiles of the patterned photoresist,
the reflowed photoresist, and the etched quartz crystal mea-
sured by a stylus profilometer. The final curvature of the
quartz crystal depends on both the initial value of the radius
of the photoresist pattern and the selectivity of the plasma-
etching process.
The conductance spectra of the (a) planar QCM, (b) the
beveled biconvex QCM by the photoresist thermal melting
method, and (c) the spherical biconvex QCM by the photo-
resist reflow with solvent vapor method, are shown in Fig. 4.
The latter two have the same height at the central point of the
convex shape (1.7 µm). Innumerable spurious modes were
observed for the planar QCM in Fig. 4(a), and the unwanted
spurious responses still exist for beveled QCM in Fig. 4(b).
On the other hand, the spurious mode was not observed for
the spherical biconvex QCM in Fig. 4(c). It proves the
spherical convex-shaped resonator can decouple the vibrat-
ing mode better than the beveled convex-shaped resonator.
FIG. 2. A fabrication process of the miniaturized biconvex QCM with large-
radius hemispherical thickness distribution.
FIG. 3. The profiles of the patterned and reflowed photoresist, and the
etched quartz crystal.
FIG. 4. The conductance spectra of the (a) planar QCM, (b) beveled bicon-
vex QCM by the photoresist thermal melting method, and (c) the spherical
biconvex QCM by the photoresist reflow with solvent vapor method.
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The Q factor of the planar QCM, the beveled biconvex
QCM, and the spherical biconvex QCM are 35 000, 67 000,
and 80 000, respectively. This explains why the Q factor of
such resonators is so large and the spurious modes are sup-
pressed very well.
The resonant characteristics of the (a) planar, (b) beveled
biconvex, and (c) spherical biconvex QCM in viscoelastic
liquids were also studied as glycerol/water mixtures con-
tacted on one side of QCM. The function of the frequency
shift sDfd against the square root of viscosity-density
fsrhd1/2g production is shown in Fig. 5. The concentration of
mixtures was represented by weight percentages of glycerol
in water [from 0% (srhd1/2=0.03 gcm−2 s−1/2) to 60%
s0.11 gcm−2 s−1/2d in increments of 20%; from 60% to 90%
s0.59 gcm−2 s−1/2d in increments of 5%; and 100% pure glyc-
erol s1.62 gcm−2 s−1/2d]. In the effective loading range of the
planar QCM (from 0% to 75%) and the spherical biconvex
QCM (from 0% to 85%), the frequency shift is proportional
to the square root of viscosity-density production. It was re-
vealed that, if the density sr=1.18–1.23 gcm−3d of glycerol/
water mixtures (from 75% to 85%) is supposed to be con-
stant, the proportional range of the frequency response to
viscosity sh=128 mPasd for the spherical biconvex QCM (c)
is at least five times larger than that sh=24.1 mPasd for pla-
nar QCM (a), and also better than that for the beveled bicon-
vex QCM (b).
In summary, the miniaturized biconvex QCM with large-
radius spherical thickness distribution using RIE and photo-
resist solvent vapor reflow technology was fabricated, and it
was applied to measure the large viscoelastic loading. The
spurious mode around the fundamental vibration mode was
suppressed very well due to the spherical convex shape. Fur-
thermore, batch fabrication can be realized because of the
microfabrication combined photolithographic and RIE pro-
cesses.
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FIG. 5. The function of frequency shift sDfd against the square root of
viscosity-density fsrhd1/2g production for (a) the planar QCM, (b) the bev-
eled biconvex QCM, and (c) the spherical biconvex QCM.
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